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I CONVERSION FACTORS AND ABBREVIATIONS 

Mulbpl y BY To ob- 

L (liter) 

m (meter) 
g(gram) 

0 2642 gal (gallon) 
0 03527 oz (ounce) 
3 28084 fi (foot) 

Temperature in degrees Fahrenheit e;> can be converted to degrees Celsius CC) as follows 
"F= 1 8 x "C + 32 

Explanaon of abbreviabons 
I 

, ABS (absolute value) 

b IAP (ion actnity product) 
AME (achnide rmgrahon evaluation) 

ITS (mterceptor trench system) 
MST (modular storage tank) 
mV (rmllivolts) 
RFCA (Rocky Flats Cleanup Agreement) 
RFETS (Rocky Flats Environmental Technology Site) 
SI (saturabon index) 
SPP (solar ponds plume) 

) 
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Geochemical Modeling of solar Ponds Plume Groundwater 
At the Rocky Flats Environmental Technology Site 
Part I: Ion Plots and Speciation Modeling 

By James W Ball 

ABSTRACT 

Three important conclusions from this study follow (1) The groundwater of the Rock Creek 
area of the Rocky Flats Envuonmental Technology Site represents a reasonable analogue for natural 
background, smlar to what llkely existed in the subsurface of the Industnal Area of the Site pnor to 
development; (2) Although the array of radoachve and non-rahoachve substances contarmnahng the 
groundwater beneath the solar ponds area of the Site is complex, mass-balance modehng may 
distinguish the composihon of contarmnants in the plume, and (3) U m u m  in the groundwater does 
not reflect any controls by mneral solubility from speciahon and saturahon index computahons, 
hence, U would not be expected to attenuate other than by sorphon 

INTRODUCTION 

Purpose 

The purpose of Part I of thls report is to present results of geochemical speciahon modeling 
and evaluahon of ion plots m support of uramum transport modeling for the Actmde Mgrahon 
Studies (AMs) at the Rocky Hats Envuonmental Technology Site (Site). Part II of thrs report will 
present inverse modeling results The AIMS was implemented to inveshgate the mobility of 
plutomum, amencium, and u r a ~ u m  in the Site envronment. The goal of the AMs is to answer the 
followmg queshons in the order of urgency shown. 

1 

2 

Urgent What are the important acmde mgrahon sources and mgrahon processes that 
account for recent surface water quality standard exceedances9 
Near-Term. What WIU be the mpacts of achmde mgrahon on planned remedial mons? To 
what level do sources need to be cleaned up to protect surface water from exceedmg achon 
levels for achmde~9 
Long Term Onsite- How will achnide mgrahon affect surface water quality after Site 
closure9 In other words, will soil Achon Levels be sufficiently protective of surface water 
over the long term9 
Long Term Offsite: What is the long-term off-site actnude mgrahon, and how will it mpact 
downstream areas (for example, accumulabon)9 

3 

4 

Geochemcal modehng and the analysis of mterachons between groundwater and geoloBc 
matenals are unportant to understanhg the solubihty and mobhty of uramum, whch is soluble a d  
easily transported in groundwater. In a h o n ,  geochemical modehng provides an independent 

1 



constmnt on the range of uranium solubihty for companson with empirical informaton on 
soil-water uramum parhbomng and for incopomon into groundwater transport models for 
acthdes Recent studres have produced results confumng that Pu and Am are neither present nor 
transpow m groundwater m measurable concenmons Addrtional studres indate that essentially 
all Pu and Am prewiously thought to have infiltrated into the groundwater were trans- to the 
subsurface by the well-dnlling process Consequently, Pu and Am are not the focus of this study 

’ 

~ 

, 

Assist Project Teams in evaluatmg m u m  geochemstry and transport. 

This report evaluates the following (1) uranium geochemstry aspects of potenbal E m d a l  

Several areas of the Site, includmg the Onginal Landfill and Ash Pits, the Solar Ponds Area, 
and other potentml Industrial Area sources, contam u m u m  contaminaoon. The Solar Ponds arez~ 
contams m u m  and nitrate groundwater plumes, porhons of the uramum plume have been difficult 
to d t sbnpsh  from natural background urafllum The Interceptor Trench System (ITS) that collects 
most, but not all, alluvial groundwater has impacted mgrabon of these plumes The mtrate 
groundwater plume has impacted the North Walnut Creek watershed In selectmg and des ipng  a 
remedlal system, the geochermstry of uramum and its interacbon with major cat~ons and mons, 
includmg nitrate, needs to be evaluated Installabon of a reacbve barner trench contmnmg treatment 
cells has been completed and the treatment system has been operabng smce December 1999. 

, 

, 

, 

, 

scope I 

potenbal interacbons with nitrate and other solutes The results of the analysls ate summar~zed m thls 
report. 

For fiscal year 1999 (FYW), the USGS support to the AMs included the following 

I 
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HYDROGEOCHEMICAL CHARACTERIZATION AT RFETS 

Previous Studies 

Geochemcal modeling has been used previously to help interpret groundwater chemstry at 
Rocky Flats (EG&G Rocky Flats, 1995). The authors of that report apparently used an enhanced 
version of program WATEQF but attnbuted its development to Truesdell and Jones (1974) The 
Truesdell and Jones version (WATEQ) I d  not contam reachons for Mn or trace metals mcludmg U 
Results were given only for major-element mnerals, includmg Fe and Mn. The authors most ldcely 
used program WATEQF (Plummer et al ,1976). The EG&G Rocky Flats (1995) report is thorough 
and exhaustwe, consishng of several interprehve approaches, only one of whch was geochemcal 
modelmg, and will not be summarrzed here One pnmary dtfference between the EG&G Rocky Flats 
report and the present report is that NO, was not evaluated and, for mdlvldual wells, anthmetx mean 
concentrahon values over bme were used as input to the speciabon model, whereas water chemstry 
data from the single most recent analysis for each well were used for the present study. The Qfferent 
approaches were detemned by the focus and objechves of each study. Whereas the previous study 
sought to present a general descnpbon of groundwater chemstry over the entm site, the present 
study seeks to detemne current geochemcal con&hons in the subsurface at the solar evaporabon 
ponds wth respect to a specific subset of components, namely contarmnants such as NO, and U. 

General Hydrogeochemical Characterization 

Water Chemktry Characteristics of Uncontaminated Areas of the Site 

The Rock Creek area of the Site has been established with a reasonable degree of certamty as 
representative of background con&bons for groundwater at Rocky Flats. Uncontarmnated 
groundwater at the Site typically is of the Ca-Na-HCO, type with neutral to slightly alkalme pH. 
Some uncontarmnated waters contsun hgh concentrabons of SO, and approach saturahon with 
gypsum, whereas most of the uncontarmnated groundwater is at or above saturahon with calcite. 
Saturahon with gypsum is seen sufficiently infrequently that th~s secondmy mneral should be 
observed m l y  if at all. Groundwater enters the site at the westem boundary and generally mcreases 
in ionic strength fiom west to east as a result of water-rock interachons with the aquifer material. 
Both dissoluhon and precipitahon rezchons are hkely occurring. 
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MinenJogical Chmutedstics of UncontumijurtGdAreas of the Site 
I 

The aquifer mater~al is composed msunly of quartz (45 to 67 percent), wth lesser amounts of 
K-feldspar, plagioclase, rmdfite, and kaohnite (EG&G Rocky Flats, 1995) The average clay-we 
content of the material is 2 to 7 percent by weight. Secondary calcite and Fe oxyhydroxd& are 
observed in small amounts 

Major Processes for UncontMtinated Wedhering Reactions 

Recharging groundwater is made ac i l c  by &ssolved CO, from the atmosphere and from 
organic matenal m the near subsurface. Weathenng reactions in uncontarmnated areas of the 
subsurface are dnven pnmarrly by acid dmoluuon of the rock by the groundwater entering the Site 
at the western boundary These reacbons result in more -ne pH and increased total &ssolved 
solids that consist of solubilized elements compnsing the host rock. Bicarbonate and CO, are 
generated as protons are consumed and solution pH progresses from aci&c to alkaline Increases in 
major cation concentrations coupled with the alkalinity mcrease dnve the solutlon toward SabmQon 
with secondary mmerals such as calcite. When groundwater contacts atmosphenc oxygen m the 
vadose zone, o x l b o n  of redox-lablle matenals such as Fe coupled with the trend of pH values 
toward alkaline results in hydrolysis and the tendency of metal omdes and hydroxides to precipitate 

Wder Chemistry Chunges due to Contantination 

One component of the EG&G Rocky Flats (1995) groundwater geochermstry report was an 
evaluabon of spahal vanmons in water chemstry Both ordmary ktrging and hand contouring were 
used to evaluate spahal dlstnbubon of several water quality parameters throughout the site. Several 
components of the groundwater beneath the solar evaporauon ponds, includmg Ca, Mg, K, Na, Li, 
Sr, Zn, and Se, appear well correlated wth known contammants usmg both ordsnary knging and 
hand contounng The conelahon does not by itself constitute evidence that a given constituent is a 
contarmnant The consbtuents also could be aquifer materral mobihzed by accelerated weathenng 
caused by a reachve contarmnant solubon. Mass balance modelmg results may further constnun 
these possibilibes 

Main Components Added 

Composihons of solubons placed m the solar evapomon ponds over the years are not known 
in detad However, elevated concentmuons of certain components, notably NO, and U, and probably 
Li, cannot have thew ongin m the groundwater or the aquifer matenal at the site Sufficient quanbbes 
of these consbtuents to account for the aqueous concentratxons observed are either not present or not 
subject to solubilizabon 

GEOCHEMICAL MODELING CODE AND THERMODYNAMIC DATA 

WATEQ4F is a chemcal speclabon code for natural waters It uses field measurements of 
temperature, pH, Eh, dmsolved oxygen and alkalmty, and the chemcal analysis of a water sample as 
input and calculates the distnbution of aqueous species, ion acbvihes, and mneral saturabon m&lces 
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that indicate the tendency Of a water to QSSOlve or PreCipitate a set of rmnerals (see Drever, 1988, 
Nor&mm and Munoz, 1994). The model assumes homogeneous aqueous phase quhbna, except 
for &ox species. Equihbnum with respect to mneral solubilihes is not assumed The program 
results are used pnmanly to examrne the tendency of a water to reach mneral solubihty eqdibna as 
a consmnt on interpretmg the chemrstry of natural waters 

The onginal computer program, WATEQ ("mesdell and Jones, 1973,1974), wntten m PU1, 
has been translated into FORTRAN IV (WATEQF, Plummer et al ,1976) Trace elements have been 
added (WATEQZ, Ball et al., 1979,1980); m u m  species added (WATEQ3, Ball et al ,1981), and 
WATEQ2 was translated from PU1 into FORTRAN 77 (Ball et al, 1987). AdQhonal 
recommendahons for the database have been made, pnmanly on the aqueous alumnum species and 
forms of gibbsite (Nordstrom et al ,1984, Nordstrom and May, 1989). The code used in thts report 1s 
descnbed by Ball and Nordstrom (1991), and includes the major thermodynamx database update 
and revision of Nordstrom et al (1990) 

The ongmal WATEQ4F U database (Ball and Nordstrom, 1991) was constructed using a pre- 
publicahon draft copy of Grenthe et al (1992). Pnor to startmg the present geochemcal modeling 
calculahons, the WA"EQ4F U database was exammed and revised accordmg to final data pubhshed 
by Grenthe et al. (1992; 1995) The U database of dssolved complexes and mnerals is presented in 
Tables 1 and 2, respechvely, wth onginal data in columns 3 to 5 and revisions, where done, in 
columns 6 to 8. If revised values were significantly different from onginal values, a comment 
idenhfying the nature of the revision appears in column 9 For Table 2, if the rmneral formula is not 
given in column 2 it is provided in column 9 

Revisions to the Data Base 

Most values requwed little or no mdficahon However, a subset of values was found to be 
either in emor or somewhat to sipficantly different from the prepublicahon version of Grenthe et al 
(1992) Specifically, values for seven Qssolved species in Table 1 and rune mneral species in Table 
2 were modified sipficantly Values for two hssolved species (Table 1) and one w e d  species 
(Table 2) were in error in the WATEQ4F database These modificahons and error corremons were 
implemented pnor to commencement of the geochemcal modehng calculahons 

P6rez et al (2000) deterrmned log I(lp = 11 7 f 0 6 for a wellcharactenzed synthehc 
uranophane [Ca~O~)z(Si030H),.3~O] in 1.0 x 10' to 2 0 x 10' molal HCO, soluhons. Twelve 
experiments were run, with measures to prevent pmcle size effects from influencmg the results. 
Pt5rez et al compared thew results to log IC,,, = 9 4 0 5 (represenhng a single data pornt) of Nguyen 
et al (1992), and to the EQ3/EQ6 database, but &d not menhon the compilahon of h g m u u  (1978). 
The previous WATEQ4F log \ = 17 49 was adopted from the estunate of Langrnw, who based the 
formula for uranophane on that of the Cu analogue and assumed KO, = 10 atm and [H,slo47 = 
lo3* mol/L,t'Thls Qfference represents a reduchon in solubihty for th~s mneral of nearly SIX mkrs 
of magnitude, and is an excellent example of the maptude of the imprecision 111 the thermodynarmc 
PNJPertles Of some common U-bearing minerals Unfortunately, P b z  et al. Qd not characterize theu 
final soluhons in dew. Since &s prevented detsuled evduahon of theE results, their ~olubd~ty Value 
1s Used in the WATEQQF database only on a provisional basis. 
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Table 1. WATEQQF data base of U dissolved species 

565 
566 

567 
568 
569 

570 
572 

578 
579 
580 
58 1 
582 
583 
586 
587 
588 
589 
590 
595 
5% 
597 
598 
603 
604 

605 
607 
608 

609 
610 
61 1 
612 
613 
614 
615 
616 
617 
618 

kU +4 
kU +3 

kUOH +3 
kU(OH)2 +2 
kU(OH)3 + 

kU6(OH)15 +9 

kUF +3 
kUF2 +2 
kUF3 + 
kW4 aq 

kU(OH)4 aq 

kUF5 - 
kUF6 -2 
kUCl+3 
kUSO4 +2 
kU(SO4)2 aq 
kU(CO3)4 -4 
kU(CO3)5 -6 
kU02 + 
kUO2OH + 
kU02)20H)2+2 
kU02)30H)5 + 
kUO2CO3 aq 

kU02(C03)3-4 
kUO2F + 
kU02F2 aq 

kUO2(CO3)2-2 

kUO2F3 - 
kU02F4 -2 
kUO2Cl+ 
kUO2SO4 aq 

kU02HP04 aq 

kU02H2PO4 + 
kU02H2po4)2a 

kU02(S04)2-2 

kU02HPO4)2-2 

kU02H2P04)3- 

-34 43 
24 4 

11 21 
17 73 
22 65 
24 76 

-1 3 
-08 
0 1  

-0 87 
485 
3 3  
-454 
19  
7 8  

20 
-3 3 
11 02 
10 23 
2508 

1 2  
4 42 
-9 13 
0 41 
0 5  
0 56 
0 07 
19  
47  
8 4  
-2 1 
-11 8 
-3 7 
-16 5 
-28 6 

904 
-8 80 

-054 

-2 27 
-494 
-8.50 
-17 2 

9 3  
16 22 
21 6 
255 
27 01 
291 
172 
6 58 
10 5 

32 90 
340 
1 49 
-5 2 
-5 62 
- 1555 
9 63 
17 

21 63 
509 
8 62 
10 9 
11 7 
0 17 
3 15 
4 14 

20 21 
43 44 
22 87 
44 38 
6625 

004 

006 

01 
0 19 

1 
1 

0 31 
0 2  
0 13 
0 19 
0 2  
0 9  
0 9  
OM 
0 3  
004 
0 12 
0 05 
0 1  

004 
0 13 
004 
0 4  
0 7  
002 
0 02 
007 
0 12 

006 
005 

-34 38 

-1 34 
-084 

-1 01 

-48 

-9 37 

-13 37 

-9 35 

-169 

928 
16 23 

256 

2908 

105 1 
35 12 
33 9 
148 

9 67 
16 94 
21 60 

19 59 

22 82 
44 05 

0 07 

06 

009 
0 15 

0.30 
0 18 

1 0  

0 12 
005 

064 

0 76 

RecalCUlated 
Replaces Langmuv 
(1978) data 

Replaces Langmutr 
(198) data 

Error in WATEQ4F 
Error m WATEQ4F 

Recalculated 

I Recalculated 
Recalculated 
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I a 643 

f 645 
646 

i 
I I 647 

i ' 6 4 8  
649 

650 

1 6 4 4  .f 

t 
1 

kUI +3 
kUN03 +3 
kU(N03)2 +2 
kU02(0H)3 - 
kU02(0H)4 -2 
k(U02)20H+3 
kU02)30H)4+2 

kU02)4OH)7 + 
kUO2C12 aq 

kU02Br + 
kU02N03 + 
kU02H3P04 +2 
kU02)3C036-6 

kU02)30H)7 - 

kU02P04 - 
kU02(C03)3-5 

1 3  
1 47 
2 3  

-19 2 
-33 
-2 7 

- 1 1  9 
-3 1 

-21 9 
3 6  - 1  1 

022 
0 3  

22 87 
54 

13 69 
5 8 92 

0 3  125 Racalculated 
0 13 
0 35 
0 4  
2 
1 

0 3  
2 
1 

0 4  
002 
0 15 
006 2246 060 Recalculated 

I -15 0 madded 
00s 13 23 0 15 Recalculated 
0 27 8 89 Recalculated 

/' 
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Table 2. WATEQQF data base of U minerals 

I 1 

57 1 

573 
574 
575 
576 
577 
584 
585 
59 1 

592 
593 
594 
599 
600 
6 0 1  
602 
606 
619 
620 
62 1 
622 
623 
624 
625 
626 
627 
628 
629 
630 
632 

Uranllute(C) 
U02 (a) 

6) 
U308 (c) 
Coffinite 

I F 4  (c) 
uF4 2 sH20 
U(OH)2s04 c 

u02HPo4 4w 
U(HP04)2 4w 
Ningyolte 
U03 (c) 
GUlllmItC 

B-U02(OH)2 
Schoepite 
Rutherfdne 
U02)3PO4)2 4 
H- Autunite 
Na- Autunite 
K-Autunite 
Uramphlte 
saleate 
Autunite 
Sr- Autunite 
U~OClrClte 
BSSetlte 
Torbernite 
hhevalsklt 
Uranophane 

W 

-18 61 

-101 2 
-1 16 
-14 3 
-18 9 
-0 59 

384 
-2 27 
-19 32 
-23 02 
-13 73 
-12 05 
- 1  44 

41 5 
-3 6 
-046 
5 86 
9 7  

-20 18 
-14 34 
-13 05 
-10 1 
-19 9 
-15 9 
-1 1 

-16 29 

-48 
01 

-3 38 
2033 
-7 67 

-18 61 
-27 57 
-3 2 

- f  185 
-55 3 
-53 91 
7 72 
10 40 
554 
540 

-14 45 
-37 4 

-47 93 
-47 41 
-4824 
-51 75 
-43 65 
-43 93 
-4446 
-44 63 
-44 49 
45 28 
-44 37 
17 49 

0 16 

0.5 
0 7  

031 

0 5  

OW 
0 15 

0 05 
0 3  

-101 6 
-1160 
-13 58 
-440 

5 81 

2 07 
0 55 

-19 37 

-13 59 
-12 04 

-7 17 

-21 68 

-4 85 

-3 99 
2054 
-8 06 
-29 36 
-33 55 
-3 17 

-30 49 

7 70 

4 93 
4 81 

-1449 
-49 37 

11 7 

0 56 

036 

1719 
IO2 

0 79 
0 93 
1 23 

0 59 
0 91 

0 37 

044 
0 43 
004 
155 

0 6  

Error in 
WATEQ4F 
uo, recalculated 

(Ptrez etal %Kq 
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WA'R-C H EMISTRY DATA 
I 

When drscussing results of water analyses, chemcal symbols are used wthout a superscnpt 
SIP denobng ioruc charge to refer to the total Qssolved concentrabon of the chemcal species, 
lnclu&ng all redox states unless s~ i f i ca l ly  idenhfied For example, the analyt~cally deterrmned 
concentration of total dwolved sulfate 1s expressed simply as SO, When drscussing results of 
chemcal speciahon calculabons, chemcal symbols are used with a superscnpt sign. Tius notabon 
refers to the drssolved concentrabon or acbvity of the specified form of the substance. For example, 
sulfate in soluuon may consist of several free and complexed Qssolved SO, species, expressed as 
SO,", HSO, , CaSO,", MgSO;, and so forth 

Water-chemstry data were received for 950 water samples. All the data and QNQC 
Information supplied with the data were exmned and found to be of overall excellent quality both 
of sample collection and analysis. The most recent analysis for each well that contsuned a pH value 
and analysis of both major cabons and major anions was selected for geochemcal speciabon 
calculations. Well locahons in the Solar Ponds Plume a m  are shown m Figure 1 The selected wells, 
with adjacent speciated charge balances from the most recent analysis, are highlighted in orange for 
ABS(C1) > 20 percent, ochre for 10% c ABS(C1) e 20%, and green for ABS(CI) < 10%. For some 
wells, if solute concentrahons appeared to have changed significantly over hme a second set of 
chemcal analyses was selected for geochemcal modelmg calculabons. In all cases for dtssolved 
silica (reported as Si03 and all but three cases for Qssolved phosphate (reported as PO,; wells 
10594, 10694, and B405489), data in Table 3 for these two consbtuents represent either a single 
earlier deternabon or the average of several earlier detemnmons. For well 10294, total Wived 
U data represent the average of U detemnabons on samples, collected for mons and U only, before 
and after the data set selected for geochemcal modeling For well P207989A, U data represent the 
average of m e  U detenrunauons between March 1991 and December 1996, wth respecbve relahve 
standard deviabons for "v and "U of 5 6 percent and 7 5 percent. Well idenhfkabon data and water 
analyses for the selected RFETS Solar Ponds Plume area wells are presented in Table 3, where 52 
water analyses representmg 48 wells are sorted by samplmg site For the selected data sets, the 
wATEQ4F program (Ball and Nordstrom, 1991) was used to calculate ion sums and charge 
imbalance (C I ), using the followng calculation: 

100 x (meq cations - meq anions) 
(meq cations + meq anions) + 2 

c I (percent)= 

Note that the result of ths CaIculatmn is twice the value that would be reported by an analybcal 
laboratory, because equabon (1) relates the cabon-amon difference to the average of the two rather 
than to the sum of the ions compnsing them. 

/' 
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Figure 1. Map showing locabons of wells selected for geochemcal modeling 
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Table 3, site data and water analyses for selected &&u Ponds Hume wells 

Well dumber (Type') 1386 (U) 1486A (B) 1486B (B) 1586 (U) 1686 (B) 
Sample Number GW05367TE GWO2343GA GWO2696GA GW05333TE GWO2697GA 
Date Collected 11/19/1996 4/14/1995 7/14/1995 11/8/1996 7/14/1995 
Temperature ec) 11 4 12 4 11 4 10 8 15 7 
pH (standard units) 7.17 7 55 8 08 7.15 7 22 
Conducuvtty w/cm) 1560 1860 1880 2010 2140 
TDS (ppm) 789 1354 1430 1170 1530 
Element (me) 
Ca 
Mg 
Na 
K 
CI 

Alkalinity (as HC03 
Fe (total) 

so4 

co, 
SIO, 

"4 

*4 

AI 
F 
NO, 
L1 
Sr 
Ba 
Mn 
cu 
Zn 
Cd 
Pb 
Ni 
Ag 
As (total) 
Se (total) 

152 
49.7 
104 

0 98 
128 

81 1 
580 

0 054 
1 0 0  
6 58 

0.019 
00242 

0044 
0 020 

1 0 9  
0.111 

0 0918 
0 0032 
00047 
00045 
00028 
0 321 

0 0034 
00043 
0 0037 

141 
43 2 
242 
6 83 

85 
497 
390 

0 050 
0 29 
4 43 
0644 
0.016 

0 0168 
004 

0.598 
0 104 
200 

00251 
0 0387 
0.0016 
0 0274 
0 0020 
0 0033 
00041 
OOOW 
00027 
0 0025 

145 
408 
253 

6 36 
8 4 1  
526 
418 

0 030 
0 29 
4 43 
112 

0 016 
0 0300 

004 
0044 
0099 
204 

0.0339 
00984 
0 0030 
0 0020 
0 0050 
0 0010 
OOO60 
00040 
0 0010 
0 0010 

205 
52 1 
137 

2 30 
137 
170 
490 

0011 
1 0 0  
7.66 

0 016 
0 0242 

290 
0 049 

1.49 
0 301 

0 0088 
0 0032 
00047 
00045 
00028 
0.0162 
0.0034 
0.0043 
00067 

15 1 
49 3 
276 
7 15 
199 
453 
430 

0.030 
0 29 
4 22 

0 811 
0 013 

0 0300 
004 

0 443 
0.127 
2.06 

0 0150 
0 0615 
0.0030 
0 0027 
0 0050 
0 0010 
O.Oo60 
O.Oo40 
0 0010 
0 0010 

u (total) 0.0189 ,0.000315 0.000237 00485 0.000363 
Charge Imbalance (%) 9.6 12.3 9.1 2.3 8.5 
'U, unconsolidated deposits, B, bedrock, WB, weathered bedrock 

, 
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Table 3. Site data and water analyses for seleded Solar Ponds Plume web-continued 
Well Number CTYpe') 1 7 8 6 0  2 2 8 6 A O  2 2 8 6 B O  2586(B) 2 6 8 6 0  
Sample Number GW05335TE GWO2334GA GWO2683GA GW05290TE GWO2687GA 
Date Collected 10/31/1996 ,/' 4/12/1995 7/12/1995 1WlW1996 7/12/1995 1 
TempeLature ("C> 11.5 9 9  16 0 13 5 15.1 
pH (standard units) 6.96 7.50 7 17 7 47 7.39 
Conductmy (@/cm) 6380 316 654 2840 1650 
l-m @pm) 4220 2 14 688 2150 1260 
Element (ma) 
Ca 

Na 
K 
C1 

Alkalinity (as HCOJ 
Fe (total) 

Mg 

so, 

co3 

sio, 
"4 

Po, 
AI 
F 

L1 
Sr 
Ba 
Mn 
c u  
Zn 
Cd 
Pb 
Ni 
Ag 
As (total) 

Se (total) 

NO3 

634 
222 
299 

5.88 
156 
261 
344 

0.035 
1 0 0  

6.575 

0.01 8 
0.0254 

2882 
0.452 
6 0 9  

0 266 
0.0053 
0 0035 
OOO40 
0.0043 
0 0028 
0 0102 
0 0037 
00043 
0 2990 

25 3 
3.06 
26.9 
12 4 

9.131 
18 6 
123 

0.055 
12.0 
6 75 

0 013 
0.015 

0 0818 
0 921 

21 6 
0 012 
0.143 

00468 
0 0025 
00049 
0.0036 
0 0030 
0 0020 
0 0120 
0 0030 
0 0030 
0 0030 

77.2 
9 37 
41 2 
20.0 

34 
30 3 
274 

0 030 
0.29 
6.75 

0.039 
0.015 

0 0300 
0.98 
27 0 

0.088 
0 398 
0.169 
OOO40 
0 0030 
0 0020 
0.0050 
0 0010 
OOO60 
OOO40 
0 0010 
0 0010 

256 
101 
301 

7.48 
43 1 
1080 
533 

0.105 
1 .oo 
3 86 

0.0 13 
0 0683 

0.620 
0 186 

3.17 
0 0165 
0.0347 
0.0032 
00047 
0 0050 
0 0028 
0 0162 
0 0034 
0.0043 
0 0037 

78.7 
93 5 
181 

0.384 
17 8 
225 
650 

0.030 
0.29 
8.68 

0 039 
0.029 

0.0300 
4 9  
155 

0.067 
2.09 

0 0288 
O.Oo40 
0 0030 
0 0020 
0 0050 
0 0010 
O.Oo60 
O.Oo40 
0 0010 
0 0147 

u (total) 0.0822 0 00451 000611 0 00191 0.0537 
Charge Imbalance (8) 2.1 -14 1 5 7  7 3  
'U, unconsolidated deposits, B, bedrock WB, weathemi bedrock 

I 
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Table 3. Site data and water 81181yseS for selected solar Ponds plume wells--conhued 
Well Number (Type') 2691 (WB) 3086 (WB) 3286 (s) 5093 (U) 5193 (U) 
Sample Number GW0263QGA GWO2753GA GWO2754GA GW0274 1GA GWO2742GA I Date Collected 5/31/1995 7/21/1995 7/28/1995 7/21/1995 7/21/1995 
Temperature ("C> 11 3 
pH (standard units) 7.33 
Conductlvity (@/cm) 678 
TDS (ppm) 548 
Element (mdL) 

i Ca 
Mg 
Na 
K 
c1 

Alkalinity (as HCOJ 
Fe (total) 

so, 

3 co, 
SIO, 

"4 

P o 4  

AI 
F 

Ll 

Sr 
Ba 
Mn 
cu 
Zn 
Cd 
Pb 
NI 
Ag 
As (total) 
Se (total) 

NO, 

82 4 
17 4 
3 45 
148 
21 0 
39.6 
257 

0 038 
6 0 0  
11.5 

0.064 
0 030 

0 0246 
101 
86.8 

0.028 
0 509 
0.202 

00049 
0 0150 
0 0079 
0 0031 
0 0012 
0 0142 
0 0022 
00027 
0 0051 

15 3 
7.13 

4520 
3380 

249 
76.3 
618 
82 2 
79 2 
103 
490 

0.030 
0.29 
6.88 

0.039 
0044 

0 0300 
5 

1828 
0 522 

2.24 
00790 
O.OoQ0 
0 0053 
0 0020 
0 0050 
00047 
OOO60 
OOO40 
0 0010 
0 0010 

14 1 
7 59 
866 
538 

43 1 
11.1 
142 

3 54 
124 

74 1 
206 

0 030 
0 29 
3 62 

0 039 
0 014 

0 0300 
0 87 

0 620 
0 047 
0 558 
0 142 

0 0149 
0 0030 
00070 
0 0050 
0 0010 
OOO60 
OOO40 
0.0010 
0 0010 

17 2 
6.95 

4340 
3 160 

200 
55 3 
569 

95.5 
72 4 
113 
465 

0 030 
0 29 

0 039 
0 007 

0 0201 
004 
1695 

0 387 
158 

0.254 
0 0417 
0 0030 
0 0147 
0 0050 
0 0010 
00066 
00040 
0 0010 
0 0010 

15 2 
6.95 

4730 
3240 

184 
111 
498 
198 

999 
381 
761 

0 030 
0.29 

0 425 
0.005 

0 0300 
5.4 

1408 
0 539 

2 4  
0 160 
0.149 

0 0030 
0 0020 
0 0050 
0.0010 
0 0130 
O.OO40 
0.0010 
0 0131 

u (total) 0 00727 0.202 0.000461 0.220 0.319 

'U, unconsolidated deposits, B, bedrock, WB, weathered bedrock 
Charge Imbalance (96) -2 6 12.9 10) 6.2 -2 3 

,4 ' 
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j! Table 3. Site data and water adyses for sekted sdar Ponds Plume w e J b a d n d  

Well Number (Type') 5293(U) 5393(WB) 5 6 8 7 0  76292(WB) BU)8589(U) 
Sample Number GW02373GA GWO2784GA GWO268OGA GW05219TE GW05326TE J 

DateCollected ,' 5/4/1995 7/24/1995 7/12/1995 8MK1996 10/31/1996 
Temperature (T) 15.0 12.5 18 8 14 5 7 9  
pH (standard units) 8.00 7.03 7 28 644 7 43 
Conductwity @S/cm) 987 5430 2250 780 6630 
ll-ls @pm) 676 4400 1630 439 2920 
Element ( m a )  
Ca 
Mg 
Na 
K 
c1 

Alkalinity (as HCOS 
Fe (total) 

so, 

co, 
s10, 

"4 

P o 4  

A1 
F 

Ll 
Sr 
Ba 
Mn 
cu 
Zn 
Cd 
Pb 
Ni 

NO3 

Ag 
As (total) 
se (total) 

104 
26 1 

83 
0 50 
78 5 
127 
330 

0 030 
0 29 

0 039 

0 0300 
1 2  

0 952 
0.006 
0 746 

00020 
OOO40 
0 0030 
0.0020 
0 0050 
0 0010 
O.Oo60 
O.OO40 
0 0010 
00206 

456 
338 
446 
5 87 
996 

1800 
295 

0 030 
0 29 

0.039 

0.0300 
004 
50 5 

0 123 
6 70 

0 0208 
O.OO40 
0 0030 
0 0020 
0 0050 
0 0010 
OOO60 
OOO40 
0 0010 
0.6450 

132 
14 5 
336 
3.78 
59.9 
203 
493 

0 030 
0.29 
8 48 

0 039 
0 010 

0 0300 
004 
469 

0009 
0 497 
0 121 
OOO40 
0 0268 
0 0491 
0.0050 
0.0010 
0 0248 
OOO40 
0 0010 
0.0010 

98 5 
20 4 
30 9 
132 
13.2 
48.4 
240 

0 035 
10 

0 050 
0.0254 

105 
0 014 
0 558 
0 155 

0 0052 
0 0035 
O.OO40 
00042 
0 0030 
0 0102 
0 0037 
0 0033 
0 0081 

426 
148 
3 17 
1.81 
193 
332 
490 

0 035 
1 .o 

3.57 

0 010 
0 0254 

1651 
0 189 
3 65 

0.0557 
0 0053 
0 0035 
O.Oo40 
00043 
0 0028 
0 0102 
0 0037 
00043 
0 0994 

u (total) 0 00616 0.200 0 0143 0.00337 0.0840 
Charge Imbalance (96) 6 2  -1.7 4.5 13 1 0 7  
'U, unconsolidated deposits, B, bedrock, WB, weathered bedrock 
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4 
89 (t 
326T 
1/19 

7 
74 
663 
292 

43 
141 
31; 

1 81 
193 
332 
490 

0 035 
10 

3.57 

0 010 
0 0254 

1651 
0 189 
3 65 

0 0557 
0.0053 
0.0035 
00o4O 
00043 
0.0028 
0.0102 

- 

3.- &t, pnd water analyses for selected Solar Ponds Plume w ~ n t i n u e d  
WeU N&VYpt') B208689 B208789 P207689A P207689B 

SUnphNumber GW05327T ' 
E GW05401TE GW05227TE GW0538OTE 

D8te colbcted 11/22/1996 10/22/1996 11/22/1996 8/8/1996 12/19/1996 

pff (sundad units) 7 05 6 75 7 0 2  7 42 7.38 
Conductivity @Slcm) 4570 2150 5370 1330 1850 

(WB) 0 B210489fU) 0 (v) 

G W05 399TE 

T m ~  CC) 12 1 14 2 8 5  16 7 11 0 

-ms (ppm) 3860 1120 3390 783 1190 
W n t  (rndL) 
Ca 

Ml3 
Na 
K 
CI 

Alkalinity (as HCOJ 
Fe (total) 

so, 

co, 
sio, 
", 
Po, 
AI 
F 

L1 
Sr 
Ba 
Mn 
cu 
zn 

NO, 

54 1 
209 
398 
11.9 
146 

2300 
599 

0011 
1 .o 

7.68 

0.017 
0 0242 

168 
1.03 
6 63 

0.0153 
00443 
0.0032 
00095 
00045 Cd 
- 

0.0028 
0.0162 

00994 0 0034 
00043 
0.0047 

177 
47 7 
168 
0 50 
137 
212 
649 

0 035 
1 .o 

6 20 

0 020 
0 0254 

0 885 
0.0 17 

1.27 
00601 
0 348 

0 0035 
00040 
00049 
0 0028 
0.0102 
0 0037 
0.0043 
0 0037 

525 
176 
324 

284 
169 
413 
413 

0011 
1 .o 

6 37 

0.017 
0 0242 

2072 
0 223 
4 82 
0 136 

0.0042 
0 0032 
0.0047 
00045 
00028 
0.0162 
0.0034 
0.0043 
0.2650 

F nL  - . -  0 130 0.0177 ( 
VI u (total) 

63 3 
61 8 
143 
0 76 
48 8 
88.4 
524 

0 035 
1 .o 

8 78 

0 015 
0 0254 

95.4 
0 035 

163 
0.0688 
0 0052 
0 0035 
OOO40 
0.0042 
0 0030 
0 0102 
0 0037 
0.0033 
00041 

126 
121 
148 

0.94 
95.6 
194 
820 

0 011 
10 

8 78 

0 015 
0 0242 

57.5 
0 043 

3 33 
0 129 

00042 
0 0032 
0.0047 
0.0045 
0 0028 
0 0162 
0 0034 
0.0043 
0.03 13 
0.0475 1 0695 0 0196 

Lnarge Unbalance (%) 0 5  6 4  2.7 8.6 '* 8 2  
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Table 3. Site data and water analyses for selected sdar Ponds Plume wells-continued m 
Well Number flype') P207989A P207989B P208989 W189 

p207889 (U) (WB) (WB) (WB) (WB; 
,/ Sample Number GWO2738GA GWO1063GA GW05383TE GWO2755GA GWO2797GA 

Date Collected 8/1/1995 8/3/1994 12/5/1996 7/28/1995 7DW1995 
Temperature ('0 19.3 14.2 11 4 11.3 15.1 
pH (standard units) 7.43 7.85 8 16 7 30 6 45 
Conduchwty (cIs/cm) 1970 2178 2070 13840 55' 
TDs (ppm) 1584 1309 lo900 37; 
Element ( m a )  
Ca 
Mg 
Na 
K 
c1 

Alkalinity (as HCOJ 
Fe (total) 

so4 

co, 
S10' 

"4 

Po, 
AI 
F 

Ll 
Sr 
Ba 
Mn 
c u  
Zn 
cd 
Pb 
Ni 
Ag 
As (total) 
Se (total) 

NO3 

130 
77 9 
187 
1.64 
97 3 
680 
315 

0.038 
6 0  

5 12 
0064 
0.017 

0 0246 
2.18 
47.8 

0.029 
178 

0.0326 
00045 
0 0179 
0 0122 
0 0031 
0 0012 
0 0142 
0 0022 
0 0023 
0.0553 

87.4 
65.7 
274 
2.34 
256 
39 1 
688 

0.010 
8 5  

6.425 
0 084 
0.038 
0.03 1 
4 43 
21 7 

0 069 
1.44 

0.102 
00020 
0.0032 
0.0046 
0.0030 
00020 
0 0080 
OOO40 
0.0030 
0 0325 

89 3 
68 5 
288 
284 
238 
302 
370 

0011 
0 26 
6 43 

0 038 
0 0242 

27 9 
0 073 

138 
0 111 

00042 
0 0032 
0.0047 
00045 
0 0028 
0 0162 
0 0034 
00043 
0 0363 

1710 
472 
577 
9.94 
213 
132 
315 

0 030 
0.29 
8.62 

0 039 
0 027 
0.03 
0.04 
7791 
0 759 

14 
0.652 
OOOQO 
0.0030 
0.0020 
0.0050 
0 0010 
O.Oo60 
OOO40 
0 0010 
0 0760 

43 f 
6.3: 
56 i 
25.l 
36: 
45: 
22 

02 
7.9 

0 03 
002 

0.023 

2.5 

0 or' 

l i  

u (total) 0.0258 '0 0142 0 0737 0.123 
Charge Imbalance (%) -10 8 -25 1 16.4 7.3 
'U, unconsolidated depsitb, B, bedrock, WB, weathered bedrock 
'Average of values from 1 1  samples collected between 3/26/91 and 12/5/96 

I 
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\ 
water analyses for selected Solar Ponds Plume wells--continued 

a09489 P209889 P210089 E210189 

GW02681GA GW05413TE GWO2756GA GWO1068CjA GWO2782GA 
7/13/1995 12/20/1996 7/27/1995 8/5/1994 8/16/1995 

13.7 11 2 13 4 12 6 14 1 
6.61 7 36 6 68 7 26 7 11 

2490 1840 21 100 3387 578 

217 209 1560 494 113 
35 7 95 2 677 130 16.3 
3 12 219 1810 334 54.4 
42.5 7 6 0  5.72 7 36 1 20 
85 4 69.9 445 636 43 2 

88 143 4 4 1  728 45.8 

(WB) P209789(u) (WB) (WB) (WB) 

Conducavity (CLSIcm) 2990 2630 18000 4838 924 

0 13f 
0 003y 
0006: 
00051' 
0 0011 
00061 
00041 
0.001( 
0 0011 
0 Ol?' 

22 
; 
t 

33 
- 

Alkalinity (as HCOS 550 485 229 1 5 4  344 
Fe (total) 0.030 0011 0.030 0 010 0.021 
GO, 0 29 10 0 29 0.36 1.2 
SIO, 6 68 5 42 6 26 5 80 7 47 
"4 0 039 0.039 0.066 0 129 
Po, 0 018 0 017 0 025 0 023 0 028 
AI 0 0300 0 0242 0 0300 0 0310 0 0144 
F 004 004 0.19 0 67 
NO, 228 823 13 103 762 92 5 
LI 0 119 0 160 172 0 385 0 023 
Sr 0 980 2 50 21 0 4 43 0 488 

OOO40 00042 00o4O 0.0020 00071 Mn 
0.0030 0.0032 0 0030 00020 0.0047 cu 

0.0020 00047 0 0020 0 0089 0.0067 Zn 

0 0050 00045 0 0050 0 0030 0 0017 Cd 

0 0010 0 0028 0 0010 0 0020 0.0016 Pb 

OOO60 0 0162 0 0198 0 0122 0.0054 NI 
As O.Oo40 0 0034 0.0040 OOO40 0.0027 

0 0010 0.0043 0 0010 0.0030 0.0030 As (total) 

Se (total) 0 0010 0 0039 0 0720 1 10 0.0032 I 

Charge Imbalance (%a) 52 7 7 2  -10 7 5 2  0 3  I 

'u9 unconsoMated depwts, B, bedrock; WB, weathered bedrock 

Ba 0 117 0 423 0.157 0 0280 0 160 

u (total) 0 0737 0 0788 0 0893 0 00697 0.00505 

/' 
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Table 3. Site data and water analyses for selected Solar Ponds Pl- welbconthied 
well Number VW') P2 18389 
Sample Number GW027-A 
Date Collected 8/3/1995 
Temperature CC) 17.3 
pH (standard units) 6.7 1 
Conductmty (cls/cm) 744 
TDs Opm) 589 
Element bdL) 
Ca 82 0 
Mg 207 
Na 39 9 
K 106 
C1 23 0 
so4 68.5 
Alkalinity (as HCO3 249 
Fe (total) 0 032 
c*3 6 0  
s10, 

"4 0.064 
Po, 0.012 
AI 0.0246 
F 0 49 
NO3 93.8 
Ll 0 017 
Sr 0.486 
Ba 0.106 
Mn 00062 
c u  0 0156 
Zn 0 0154 
Cd 0 0031 
w 0 0012 
N1 0 0142 
Ag 0 0022 
As (total) 00023 
Se (total) 0 01 18 
u (total) OOO409 
Charge Imbalance (96) -4.1 

< 
'U, unconsolidated deposits, B, bedrock, WB, weathered bedrock 
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~ h l ~  4. site data and water analyses for selected background and Walnut Creek wells 
Well Number f l Y P e ' )  10294 (U) 10594 0 10694 (v) 75292 0 75992 (U) 
Sample Number GW0526oTE GWO264OGA GWo2556GA GW053 19TE GW05356TE 
Date Collected 9/17/1996 5/30/1995 5/26/1995 10/24/1996 11/12/1996 
Temperature cc> 13 6 9.9 12 5 12 3 11 4 
pH (standard units) 7 11 7.32 7 14 7 05 6 97 

TDS (ppm) 1800 1032 595 1270 856 
Conduchvity (fl/cm> 2500 151 1 977 1850 1640 

Element ~ r n f l )  
Ca 

Na 
K 
C1 

Alkalinity (as HCOJ 
Fe (total) 

so, 
"4 

AI 
F 

NO3 
Ll 
Sr 

f E n  

5 Zn 
{ Cd 
J P b  
N1 
Ag 
As (total) 
Se (total) 

, 

I 1 c u  

164 
82 7 
362 

4 57 
117 
606 
748 

0 035 
10 

0 017 
0 0254 

0044 
0 1 0 4  
2 41 

0 0896 
0.853 

0 0035 
00o4O 
00043 
0 0030 
0 0102 
0 0037 
0.0033 
00041 

807 
28 9 
198 
118 
85 6 
248 
463 

0 045 
6 0  

0064 
0.057 

0.0246 
171 
5.89 

0 075 
0 731 

0 0333 
0 1 8 0  

0.0194 
0 0136 
00024 
0.001 1 
00154 
0.0041 
0.001 8 
0.0042 

87 8 
28 5 
98 9 
166 
71 9 
75.8 
400 

0 052 
6 0  

0 129 
0 089 
0.0234 

0 74 
0 352 
0 042 
0.733 

0 0742 
0.0104 
0 0241 
0 0197 
0.0024 
0.0018 
0 0154 
0004i 
0.0018 
0.0034 

162 
52 2 
182 

5 70 
93 1 
491 
454 

0.035 
10 

148 
39 8 
129 

2 10 
189 
124 
423 

0011 
10 

0 0254 0 0242 

3 74 
0 301 

158 
00682 
0 0489 
0 0035 
OOO40 
0.0043 
0 0028 
0 0102 
0 0037 
00043 
0.0067 

3 45 
0 012 
0999 

0.0933 
0 262 

0 0032 
0.0047 
0.0045 
0 0028 
0 0162 
00034 
00043 
0.0080 

i u (total) '0 0674 0 0481 0 0154 0 0325 0.0207 
Charge Imbalance (%) 10.4 -3.3 6.7 0.8 9.6 
'u, unconsolidated deposits, B, bedrock, WB, weathered bedrock 
'Average of values from sampIes collected on 1/26/% and 1/29/97 
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1' 
und and Walnut Creek welbcontinued 2 I -  Table 4. Site data and water amlyses forsekctcd b&dcgro 

Well Number (Type') B201589 B203 189 
B102289 (U) BUW)589 0 (WB) B 2 0 2 5 8 9 0  (ws) ' 

Sample Number GWO2216GA GWOZ214GA GW02973l'" GW05323TE GWO2215GA i 
Date Collected 3/14/1995 3/14/1995 6/5/1992 10/28/1996 3/21/1995 
Temperature CC) 8 3  10 4 12.6 11 6 12 8 
pH (standard units) 6.80 6.77 6 91 6 83 7.64 
Conductwity c$.S/cm) 167 144 480 560 335 
TDs (ppm) 131 139 280 278 214 
Element ( m a )  
Ca 20.4 21 6 62 1 61 0 35.6 
Mg 420  3.17 12 2 14 0 6.86 
Na 14.8 8.33 19 6 35 2 19 3 
K 0 81 0 78 0.43 1 85 1.41 
c1 2.7 4 9  6 0  29 4 1.4 ii 
so4 23.3 35 7 46 0 65 1 36 4' 

Fe (total) 0 033 0.014 0 002 0.035 0.005 
co3 1 2  1 2  1 2  10 1 

Alkalinity (as HCO,) 102 73.2 232 193 Mi 

""4' 

i 
4 

s10, 

"4 

P o 4  

AI 
F 

Ll 
Sr 
Ba 
Mn 
cu 
Zn 
cd 
Pb 
Ni 
Ag 
As (total) 
Se (total) 

NO3 

12.6 
0.129 
0.020 

0.0405 
0 36 
2 74 

0004 
0.123 

00407 
0.0109 
0 0016 
0.0033 
0.0020 
0.0007 
00041 
0 0025 
0.0027 
0.0025 

11.6 
0 129 
0.018 

0 0206 
0.26 
8.85 

0.005 
0 091  

0.0474 
0.0070 
0.0024 
00093 
0 0020 
00007 
0.004 1 
0 0025 
0.0027 
0 0025 

8.7 

0.010 
0 0328 

10 
1.33 

0 013 
0 371 

00909 
0.0020 
0 0020 
0 0124 
0 0020 
0 0010 
0 0030 
0.0020 
0.0010 
0 0010 

8.2 

0.023 
0 0254 

0 235 
0 021 
0 370 
0 127 

0 0053 
0 0035 
OOO40 
00043 
0 0028 
0 0102 
0 0037 
0.0043 
0.0037 

6. 
0.31 
0.0 

0.01 
0.' 
2.' 

001 
0.2 

0 08 
0.00 
000 
O W  
0 00, 
0.001 
0.00 
0.00 
000 
006 

u 0.00105 0 000462 0 00376 0 00294 0.005 

IU, unconsohdated deposits, B, bedrock, WB, weathered bedrock 
Charge Imbalance (96) -13 9 -27 9 -1 1 7.6 -1 
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B205589 (U) B302789 (U) B304989 (B) (ws) (WB) 
GWO2633GA GWO2292GA GWO221OGA GWO2289GA GW03742IT 

6/91 1995 3/21/1995 3/ 1611995 3/23/1995 11/11/1992 

, 

0 00191 
0.0016 
0 0028 
0 0020 
OOOO7 
0.0041 
0.0025 
0 0027 
0 0628 

Mn 
cu 
Zn 
Cd 
Pb 
Nt 

As (total) 
Ag 

Se (total) 

131 
32 0 
143 
106 

19 
193 
650 

0 033 
6.0 
6 1  

0.0644 
0.022 

0 0246 
1 27 
0 930 
0 166 
0 935 

0 0417 
00096 
0 0149 
0 01 19 
0 0031 
0 0012 
0 0142 
00022 
0.0023 
0.0069 

67 7 
11 7 
23 1 
120 
27 5 
45 9 
212 

0.003 
1 2  

6 93 
0 129 
0 023 

0 0187 
0 53 

0 383 
0009 
0 349 
0 116 

00008 
0 0016 
0 0037 
0 0020 
0.0007 
00041 
0 0025 
0.0027 
0 0029 

25 7 
4 66 
184 

3 83 
200 
6 6  

285 
0004 

1 2  
4 05 

0 760 
0.020 

0 0193 
1 2  

0 350 
0 049 
0 386 

0 0859 
00070 
0 0016 
0 0038 
0 0020 
00044 
00041 
00025 
0 0027 
0 0025 

65 8 
15 2 
36 4 
0 72 
20 1 
36 4 
298 

0006 
12.0 
7 95 

0 026 
0 030 
0 026 
0 67 

0.828 
0 037 
0 59 

0.07 18 
0 0010 
0 0030 
00068 
0.0030 
00020 
0 0120 
OOO40 
0 0030 
0.0052 

4 4 1  
8 67 
16.6 
122 

5 
17 

17 1 
0 011 

12 0 
8.5 

0 050 
0.019 
0 47 
5 75 

0 017 
0 267 

0.0613 
0 0010 
OOO90 
0 0070 
0 0030 
0.0010 
0 0130 
00040 
0 0020 
0.0020 

u (total) 0 287 0.00226 OOOO297 000693 o.oO091o 
Charge Imbalance (%) -0 1 2 2  -7.3 -8.1 -3.7 
'u, U ~ n s o ~ i d a t e d  depos~ts, B, bedmk,  WB, weathered bedrock 
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Table 4. Site data and water analysts for s$ected badrgFound and Walnut cI.seL wdls-amtinued 
Well Number (Type') P114389 

0 
I 

Sample Number GW05158T t 
E I 

Date Collected 7/17/ 1 996 
Tempemu= CC) 15 0 
pH (standard units) 6 74 
Conductivity (Clskrn) 1250 
TDs (PPm) 771 
Element (rng/L) 
Ca 
Mg 
Na 
K 
c1 

Alkalmity (as HCOJ 
Fe (total) 

so4 

=o, 
SlO, 

"4 

Po, 
AI 
F 

Ll 
Sr 
Ba 
Mn 
c u  
Zn 
Cd 
Pb 
Ni 
As 
As (tow) 
Se (total) 
u (total) 

NO3 

142 
33.1 
121 

0.48 
56 2 
61 0 
668 

0.035 
20 

0.008 
0 0254 

0 151 
0 015 
0 841 

0.2090 
0 4160 
0.0035 
O.OoQ0 
00042 
0.0030 
0 0102 
0 0037 
0 0033 
0.0041 

0 00739 
Charge Imbalance (%) 9.0 
'U, unconsohdated dep~ t s ,  B, bedrock, WE3, weathered bedrock 

22 



RESULTS 

~ s t e  Compilation 
A subset of selected data was created, consishng of the most recent analyses having a 

m n a b l e  degree of completeness Dates for h s  cntenon typically occur in calendar year 1995, 
dtho~gh some wells have more recent complete data and others have theu most recent complete data 
s t  as long ago as 1991, the earliest year for whch data were retneved. Complete analyses are 
defined as having all major cation and anion detemnahons together with onsite parameters such as 
temperature and pH Many wells had no data that fit the above cntena Thus, no geochemical 
modeling could be applied to data from those wells In a separate operaaon, the selected data were 
converted to WATEWF input data sets using a specially modified version of program WQ4FlNFT 
(Ball and Nordstrom, 1991) 

Screening and Evaluation 
Although largely completed by the end of February 1999, screening and evaluahon were 

ongoing processes that conhnued unhl the geochemcal modehng and sensitivity analyses were 
completed As a result of the screening and evaluabon, data for 15 wells were lscarded because no 
complete data set existed over the tlme frame for which data were retneved Wells in th~s category 
were 2386,2786, B203489, no pH value; 3198 and 43993, no mons or U analyses, 3887,3987, 
5386,5586, B210389, P208889, P209089, P209289, €209589, P219589, no cations 

For the enbre database of 950 analyses, no data sets with pH values and major catm and 
anion concentrabons contamed SiO, detemnations, and only three of those data sets contarned Po, 
detemnations Many commonly occumng secondary U-beanng mnerals contam these two 
components. Shcates lnclude coffmite and uranophane; phosphates include ningyoite, U(Iv) and 
U(W) phosphates, and a host of autumtes (UO,z'-phosphates contaanmg H, NH,, Na, K, Ca, Mg, B% 
Sr, Cu, Fe, and Pb). Consequently, the importance of urmum silxcate and phosphate minerals as 
controls on the solubility and mobility of m u m  cannot be evaluated accurately Esbmates were 
obtamed as part of the sensitmty-teshng phase of the project using single detemnabons or average 
values from a date other than the date of the remamng detemnahons. 

/on Plots 

all wells for whch sufficient data are avalable. These plots are in Appendix 1 of h S  repa. One 
trend plot has been produced for each well, showmg major ions, "U, and "v These Plots ~ w W  that 

1 in many cases "u and "u activity concentrations correlate well with a major anlOn, frequently 
bicarbonate or rutrate 9 and nearly always correlate well with each other, as expected 
considering thew probable common so- and nearly identical chermstry Data on SfWenhd 
Sampling of wells shows that concentrahons of &ssolved conshtuents can vary over several orders Of 
magmtude over two to three samples collected on the same date Informahon lacking or d~ffcult to 
incorporate into the lnterpretahons of sequenbal Sample results includes pumping hme Prior to 
Sample cokchon and recharge charactenstscs of mdmdual wells. 

4 Trend plots of concentrahons in individual wells as a hnchon of m e  have been produced for 
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Uracuum and the three major cabom Ca, Mg, Na, and mmbiions of thesc catrons were 
plotted as hcbons of each other and of Cl, NO,, SO,, HCO,, and CombinatiOIls of SO, and HCO, 
These rehonshps are shown in Figures 2-10. Groupmgs along a &agonal h e  suggest covariance 
of the two ions plotted, thus a possible common source. Figure 2 (Ca vs HCO3 suggests that *cite 
may be a pnncipal source of Ca, but that altematme mportant sources of CO, may emt, for 6xample 
from Mgcarbonate mnerals or decaying vegetabon. Bicarbom is used as a sumgate for CO, 
because alkalimty is expressed in the analpcal results as HCO, 

The point on figures 3 to 5 labeled “2691” appeared to be an extreme outlier even though it 
&d not have poor charge balance, and was invesbgated further. With the excepbon of the suspect 
sample and one addmonal sample collected from thts well, hstoncal Na concenwons between 
1U19191 and 11/14/94 range from 30 2 to 34 7 mg/L, with a mean of 32.8 and an RSD of about 4.1 
percent. fistonad CaMa rabos range from 2 25 to 2.93 with a mean of 2.6 and an RSD of about 6 6 
percent, and TDS values are between 260 and 500 ppm. The add~tmnal anomalous (but not suspect) 
sample is the thud consecubve sample collected on 5/18/94 and has a Na concentration of 0 47 
mg/L, a W a  ratto of 0.19, and a TDS of 7 2 ppm The suspect sample, collected on 513 1/95, has a 
reported Na concenmon of 3 45 m&, but a CaMa rabo of 23 9, and a TDS of 548 ppm If the 
suspect Na value is included in the calculabon of the mean value the mean Ca/Na rat10 increases to 
4 0  and the RSD increases to 138 percent. If the Na value were mulbphed by 10, the Na 
concentrahon would easily be in the range of histoncal values and the Ca/Na rat10 would be 2 4. 
Moreover, the 2691 pomt would group with sirmlar analyses on the ion plots (figs. 3 to 5, damond) 
and on the plot of charge imbalance as a funcuon of conductance rmbaiance (fig 11). llus repmnts I 

ample evidence that th~s Na value is in error 

4 
It is of considerable interest that samples with poor charge balance, idenhfkd as plot symbols 4 

wth adjacent well numbers, typically are separated from trend hnes on cabon-amon plots (figs. 2,3, 
and 7) but not on the plot of Ca versus Mg (fig. 6)  Numbered plot symbols on figures 2-10 idenbfy 
samples with the poorest charge imbalances Their separation from the rest of the data appears most 
evident for the plots wth Ca as a component (figs 2 and 7). Figwe 7 indicates that vulual 
uncontarmnated waters at RFETS are of the Ca-Na-HC0,-SO, type. Figure 8 illustrates that 
concentration increases, Ca accounts for most of the cabon balance. Thrs suggests that either 
solutlons were put into the subsurfhce or “0, put into the aqwfer has Qssolved Ca rmnerals 
lack of Ca cornlabon at lower NO, concentrabons is another inchcator that Ca is a strong compo 
of the contarmnant signature Figure 10 suggests that there is little correlabon between U and NO, 
any of the samples exmned 
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Figure 10. Uranium concentrahon versus nitrate concentrahon 

Environmental /sotopes 
Deuterium, "0 and tnhum values were obtsuned for a subset of the selected wells to evaluate 

the presence of an evaporahon signature in the groundwater beneath the solar evaporahon ponds 
Tnaum should be a definihve indicator of industrral contarmnabon, as background values are near 
zero and it is known that tnhum was disposed of at Rocky Flats. For the wells exammed, all of the 
six elevated tntium values were positlvely correlated with contarmnant signatures The conceptual 
model for evaporative signatures in the groundwater is complex, and demled interpretation of 
deuterium and "0 data would represent a sizeable research project by itself. Thus, statements in thrs 
repon are confined to simple deterrmnabons of where evapomve signatures may be occumng m 
and near the SPP 

A leaking solar evaporaon pond consists of two input and two output fluxes, each W i t h  its 

unique, and sometimes vanable, isotopic Signature Input fluxes are precipitabon and dumped waste. 
The isotopic signature and flux of local precipitahon are reasonably well documented, however, the 
difficulty with this source term would be integratmg the hghly vmable fluxes ~ l t h  the Values ofthe 
0 t h  flux terms The isotopic signature ofthe onginal process water that carned the waste fluxi also 
1s r-nirbly well documented The flu of h s  term, however, would be rather dtficult to esQrm&. 
output fluxes are evaporahon from the pond surface and leakage through the pond bottom. 
Evwrahon flux and isotopic signature could be estiqated using bstoncal climate records. The 
iSOtOPlC signature of water in the solar evaporahon ponds would be expected to as a functwn Of 
the Source of the increase or decrease m volume. Flux of the leakage term would be VlmdlY 
1mVSQble to estimate by d m t  means. 
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Mmng would OCCUT once pond leakage infiltrated to the groundwater, and mixing 
propomons would have to be deduced by mdmd means. Thus, isotopic signatures measured for 
momtonng wellvnear the solar evaporatron ponds would be rmxed values representmg local 
groundwater and solar ponds leakage at the tune of inf i lmon 

- 
0 'H low or unknown 0 'H>90TU - Global meteonc water line - Local mean annual preclpitahon line - Local evaporauon line 

The relation between 6D and 6% is shown on Figure 11 The global meteonc water line, 
mean annual average local meteonc water h e ,  and local evaporatlon llne are shown All five of the 
points on or below the evaporation llne have elevated U concentrahons The nghtmost point is from 
a background area far removed from the Industnal Area, adjacent to Rock Creek near its exit from 
the northern penmeter of Rocky Flats. Three of the remaining wells are adjacent to the solar ponds, 
and the final well is along North Walnut C-k downslope of the ITS and downstream of the MSTs 
With the exceptlon of four wells, the remamng points are dstnbuted Setween the mean annual 
average local meteonc water llne and the evaporaoon line One of these four wells IS in the Rock 
Creek watershed about mdway between the industnal Area and the northern boundary of Rocky 
Flats, the remaning three are adjacent to the solar evaporation ponds From these results it appean 
reasonable to conclude that most of the groundwater in the subsurface near the SEPs shows ar 
evaporahon signature 
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Figure 11. Isotopic composibons of precipitatlon and groundwater near the solar evaporatic 
ponds 

30 I 



id mu 
'asured 

, nhng I( 

I 
water 1 
1 five of 
oint is 6 
cs exit fi 

I ftheMS 
lean ann 
In the Rc 
y of Roc 
ts it appe 
's shows 

OkU pOK 

1 

a 
i 
-m&Il)ljlation 

; m;tlacc#l data ets mentioned above have been modeled using speciahon program WATEQ4F at 
h)yporhetical ~h values of 200 mV and 500 mV Specific conductance imbalance (SCI) is a 
differrlloe function calculated sirmlarly to the charge imbalance- 

lOOx (measured conductance - calculated conductance) 
(paccnt) = (measured conductance + calculated conductance) + 2 

where conductance is calculated from the major ion composihon usmg the method of Laxen (1977) 
Exarmnation of speciated charge imbalances for the selected data sets (Table 3) reveals several data 
sets with high charge imbalances Data for CI and SCI for 5 wells hamng absolute values of CI or 
SCI greater than 20 percent are presented in Table 5 

Table 5. Chage imbalance and specific conductance imbalance for selected wells 

We11 Number Charge Imbalance Specific Conductance 
(percent) Imbalance (percent) 

B 102289 -13 9 -26 7 
B200589 -27 9 -39 2 
B208589 +07 +401 
P207989A -25 1 -8 0 
P209489 +52 7 +34 7 

Figure 12 is a graph of SCI as a Euncbon of CI The overall picture presented by tlus graph is 
that of good distnbution of all but five points on the plot, suggestmg that the most likely problem 
with the data is that isolated errors from various sources are occurnng Samples I3102289 and 
B200589 both fall in the lower left quadrant of the graph, suggestmg that amon concenmhons may 
be too high Exmnatron of the hstoncal data for these two wells reveals that in both cases SO, was 
reported at the highest concentratron over the tune frame for whch data were retrieved, whereas 
concentrations of all the other major ions were not significantly Merent from histond values. ms 
suggests that SO, concentrabons for these parhcular samplmgs may be m error Sample B208589 has 
a CI very close to zero and a hgh positrve SCI, suggestlng that the measured specific conductance 
may be in error 

Sample P207989A has a negatwe CI and SCI, suggesbng that the anfOnS also may be too 
high in this well Exarmnahon of hstoncal data reveals that SO,, and especldly HCO3, a P F  
anomalously hgh on the sampling date, whereas major catlon concentratms are mlahVelY 
unchanged over time The trend plot for h s  well reveals an a p p n t  annual Of hgh so, in 
mid- to late summer for every year that the well was sampled during that season. Sample no9489 
falls in the upper nght quadrant of the graph, suggeshng that amon concentrattons m Y  be 111 error On 

the low side An exarmnabozof hstoncal NO3 concentratms reveals that reposted before and 
after tbs sampling date are 3 to 5 t s m ~  hugher than the concentration reported for this date Thus, the 
NO, concentration may be in error for ttus sample. 
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Figure 12. Specific conductance imbalance as a funcbon of charge imbalance 

The modeling results suggest solubhty controls for some major dissolved constments. 
Namely, solubility of calcite and gypsum somebmes appear to control dmolved concentrauons of 
Ca, SO,, and HCO, The satwabon index (SI) for a mineral species is calculated by QviQng its ion 
act~vity product (IAP) by its equilibnum constant and talung the common logan+b of the result If 
avadable, temperature COKW~OIU are applied to the iomc spies and the eqdibnum constant If the 
ion acbvity product is equal to the equilibnum constant or nearly so, the resultmg quouent is equal to 
1, and the logmthm, or SI, approximates zero. An IAP greater than its corresponding equlibnUm 
constant will produce a positwe SI, indxating supersaturauon, or tendency of a rmneral to 
precipitate, with the opposite con&Qon mdcatmg undersaturauon, or tendency of the mmed to 
dssolve 

Eight U-bearmg mnerals were chosen for closer evaluabon tlranmk (vo,), amorphous 
UO,, schoepite (UO,(OH),:&O), rutherfordme (UO,CO,), autunite (Ca(UOg),(POS,), Na-auWE 
(N~(UO,),(PO~,), coffirute (USiO,), and uranophane (Ca(UO,),(SiO,OH),) Dssoluhon reactrom f@ 
these mnerals are 
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UO, + 4" = v" + 2%0 

UO,(OH), 50 + 2W = UO," + 3KO 

c a ( U 0 2 ) z ~ > z  = Ca" + 2~0,z '  + 2~0: 
N%,(UOJ,(POS, = ma+ + 2 ~ 0 , "  + 2~0," 
USiO, + 4H+ = u" + H,SiO," 
Ca(U02)z(Si0,0H)2 + 6H+ = Ca" + 2UOF 

uo, + 2H? = uo," + K O  

uozco, = uo; -c co; 

+ ZH,SiO," 

A pnmary reason for selectmg the 8 specific U-beanng mnerals was theu relatrvely close approach 
to equilibnum, as compared wth that of other commonly encountered mnerals. Secondary 
considerabons were inclusion of both the U(W) and U(V1) ondabon states in the evaluatron, 
influence on the hydrogeochemstry of RFETS groundwater by the aunliary chemcal species 
makmg up the mnerals, and common occurrence of the mnerals Coffite and UO, are well-known 
pnmary mnerals, and autunite and uranophane are pmcularly well-known secondary U rmnerals 
(Steacy and -man, 1978). 

A difficulty anses when trying to compare saturauon indices for mnerals of different 
stoichlometnes (Nordstrom, 1999) The ion activity product (IAP) calculation for a meral such as 
autunite (Ca(UOz),(POJ2 will have the actlvities of UO," and PO: in the LAP rased to the second 
power, whereas rutherfordme (U0,COb has actlvities of UO," and CO: rased to the first power 
The larger stoichometnc coefficients will m a p &  any errors in calculated IAP values. As a solutron 
to th~s problem, Bang and Nancollas (1 990) mculated the concept of the normalized saturabon 
index. The total stoichometnc coefficient, v, is the sum of the ions in the formula mt* 

where 
v+ 
v 

is the total number of positive ions in the formula unit, and 
is the total number of negative ions in the formula 

The normalized saturation index, SVv, becomes 

where 
v 

IAP 
Ksp 

is the total stoichiometric coefficient, 
is the ion activity product for the mneral phase being considered, and 
is the solubility product constant or formation constant of the mneral phase 

Total stoichometnc coefficients for the 8 chosen mnerals are 
Uranmte 3 Autunite 5 
UO, 2 Na-Autumte 6 

(3) 
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Schoepite 3 Coffinlte 2 
Rutherfordme 2 Uranophane 5 

Standard and normalized saturaQon in&ces calculated at Eh = 200 mV for four Ilkely Ucontamng 
mmed phases (uraniiute, UO,;'schoepite, and rutherfordme) are shown 111 Figures 13a and 13b 

x 
4 
E: -8 
CI 

u 

-16 

-20 

55 6.0 6 5  7 0  7 5  8 0  8.5 

Figure 13 Saturatron indices (a, non-normalized, b, normalized) for selected u~s1~um 
oxyhydroxid:: and carbonate mnerals as a function of pH, for hypothetical Eh = 200 mV 
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r Above pH 6, all U-con-ng phases are undersaturated by at least three orders of magn~tude 
(non-nordld) Or One order of maptude (normalized), suggestmg that, under the redox 
ConQbons studted, there are no obvious solubility controls on the mobllity of U m the ground water 
of the Solar Ponds Plume It should be noted that no redox measurements are avtulable for SPP 
ground water However, it is not expected that a redox state esbmte at either end of the reasonable 
mge will cause any U phase to become supersaturated 

Compmng Figures 13a and 13b illustrates that reducmg saturahon mdrces by themespechve 
total stoichometnc coefficients allows k t  compmson of s a m o n  indtces for hfferent mmerals 
The most dramahc hfferences are seen when compamg Figures 14a and 14b, where values for SI 
mnmte group much more closely with SI values for the other mnerals, and values for SI schoepite 
change from about equal to those for SI rutherfordme to clearly separate from them. 

When compmng SI values to error terms for analyhcal and thermodynarmc components of 
the SI to detemne whether mneral saturahon is being approached, the total stoicluometnc 
coefficient, V, also must be applied to the uncertamues. Thus, normahzed SI values are best suted as 
a p d e  only, for compmng mnerals to each other rather than to an absolute standard 

The signrficant slope in the SI values as a funchon of pH for urammte (Fig 13 and 14) most 
likely results from inconsistent accountmg for mcreasmg hydrolysis Specifically, the hydrolysis 
constants used by the expenmenters in denmng \ values may be for a different set of reachons or 
may not have the same values used in the present modeling calculations The aqueous U(OH)," 
species predomnates over the circum-neutral pH range, followed in abundance by the U(OH),' 
species. The trend is less distinct for the U(W) species, but is most likely because U0,-CO, 
complexes tend to predommate in many groundwaters Consequently, the slope in these SI values 
may result from equilibnum constants used by the expenmenters having drfferent values or use of a 
reachon set drfferent from that in the geochermcal modeling code. 

It appears that control of the solubility of U by the rmneral phases tested here becomes more 
Uely as pH values at lower end of the range tested are approached However, only one pH value 
4 4  was found in the 950 detemnahons retneved In adhhon, solubility of many common U 
mmerals reaches a mnimum near pH=6, thus, if pH were to become more acidx U solubility would 
be expected to increase 
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Figure 14. Saturation inlces (a, non-normalized, b, normalized) for selected m u m  
oxyhydromde and carbonate rmnerals as a funcbon of pH, for hypothebcal Eh = 500 mV 
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snsitivity Analysis 
The selected data sets were augmented by addmg to them the estmated PO, and SiO, 

concentr&ons calculated or selected as descnbed earlier (Table 3) Geochemcd modeling results 
for four possible U-bearmg phosphate or silicate minerals were considered as examples. The 
mnerals were a m m e  ~ca~o,)2(Po,)21, Na-autumte [Nq(UO,),(PO,),], c o h t e  [US10 J, and 
mophane [CaWO,>,(SiO,OH),] The results of h s  exercise (Figs 15 and 16) show a more 
~ B C  dtfference between non-normalized and normalized data because, except for coffinite (2 
Ions), there are typically more ions in the formulas for these mnerals Coffmte is the only m n e d  m 
ths group that contams v", thus is the only rmneral for whch a hfference between Eh=200 mV and 
fi = 500 mV for the U(VI) species IS drscemble Thls is because over h s  range of Eh the achvity 
of UO: changes only m the fourth sigmficant dlgit whereas the activity of v" changes by over ten 
orders of magmtude The results of h s  exercise suggest that it is unlikely that any silicate or 
phosphate phases that have the potenhal to act as solubility controls on U at the redox levels tested. 
Adhtional sensihvity tests using varying pH, Eh, and concentrahon of uranium also suggest that, 
restricted to considerahon of only speciation and solubility calculations, there is no reasonable 
rmneral solubility scenano that has the potential to retard U from being transported at the same 
velocity as the groundwater. 
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Figure 15. Saturation indces (a, non-normalized; b, normalized) for selected uranium phosphafi 
and silicate rmnerals as a funchon of pH, for hypothehcal Eh = 200 mV 
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Figure 16. Saturabon inQces (a, non-normalrzed, b, normalized) for selected uramum phosphate 
and silicate mnerals as a functlon of pH, for hypothetical Eh = 500 mV 
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DISCUSSION 
The source of dissolved U m the groundwater of the Solar Ponds Plume (SPP) has been 

identsfied in earlier mvesbgmons (RMRS, 1998). The mults of the geochenucal modelmg presented 
in this report mdicate that whle U may not be mgratsng at the same rate as NO,, it is nevertheless 
mgratmg as a dissolved component of the groundwater plume that is b e i i  monitored in and around 
the SPP Recent sur€ace water quahty standard exceedances are explmed by the h b g  that U IS not 
expected to precipitate from groundwater or surface water m the area. Although redox measurements 
for the water in the area are not avadable, sensihvity tests using a range of redox states indxate no 
significant change in solubility is prdcted to be thermodynammlly favored Eqmhbnum 
calculatlons provide only a reference pomt from whch to address U mobdity over tsme Thus, it is 
llkely that precipitatlon/dissoluhon lunehcs may play a sigmficant role over hme 

Effect on Modeling Results of Colloidal Particulates 

Groundwater monitonng samples for detemnation of dissolved constments were mutmely 
filtered through 0.45 pm membranes to remove suspended materials. Thus, the defmbon of 
“dissolved” is an operational one based on thls filmon step. Separation of -des present in a 
whole-water sample is known to be inexact (see for example Kennedy et al., 1974; Kimball et al , 
1995) Notwithstandmg a s ,  we know that in pnnciple some matenal that is not truly dissolved wdl 
pass through the 0.45 pm filter membrane, be preserved by acidificatlon, and be detemned and 
reported as dtssolved The filter membrane also may retam matenal that is truly Qssolved, but most 
likely to a lesser extent. Consequently, it is appropnate to consider the reported Qssolved 
concentrahons as maxmum values. Under a s  scenario, systematsc emrs in &ssolved 
concentraUons should cause saturatson inaces to appear more posihve than they really are Thus, 
corrections would result in U rmnerals appeatlng marginally less saturated than in the dmussions 
above. 

Effect on Modeling Results of Uncorrected Tempenrture Variations 

Many log values for the U-beanng mnerals do not have enthalpy of reachon or results of 
solubility expenments conducted at tempemtures other than 25 “c, from whch temperature 
dependence can be estmated. Rocky Flats groundwater temperatures range from about 8 T to about 
19 “C, wth a mean of about 13 “C l h s  magnitude of vanation from 25 “C is expected to result LD 
hfferences from the uncorrected SI values of less than one log unit Most m e d  substances 
become less soluble as temperatures are reduced, thus, correchon to actual temperatures would tend 
to cause mmerals to appear closer to saturaQon than presently. However, cfifferences in the SI of t h ~ ~  
magnitude would not matenally change any of the interpretaUons in th~s report. 

Effect on Modeling Results of Uncertainties in Thermodynamic Data 

Many of the log IC, and log & values in the WATEQ4F databm are poorly known Some 
results are from a single measurement, others are eshmates based on one or more of several 
approaches for denvmg themodynarmc propemes (Langmuu, 1978) As an example, the dsfference 
between Langmw’s estunate for log I(lp of uranophane and the carefully detemmed solubhty of 
P6rez et al (2000) is nearly six log umts Uncertanhes in carefully determind solubili~es tend to be 
on the order of about 0 5 log unit, whereas those in estimates can be ten Umes that amount or e 
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Of the 8 merals chosen for consideratron in b s  report, Grenthe et al. (1992) list only m r u t e ,  
UO,, coffimte, and rutherfordme, and Perez et al (2000) have revised the solubihty for uranophane. 
mgmw recalculated log K,,, for schoepite, UO,(a), autumte, and Na-autumte based on vmous 
bterature values Grenthe et al. apparently Qd not consider many expenmental results sufficiently 
well documented to include them in the pnmary table of the= volume, although thermodynarmc 
propemes for schoepite are given m discussions in the text 

In general, errors m complexation constants for dssolved species have less mpact on SI 
values than errors in K;p values Thls, simply, is because several complexabon constants are pooled 
with concentrahons of several Qssolved components m the specimen calcul&on to compute the free 
ion achvity of each Qssolved component Conversely, the log I<;p' with its temperature dependence if 
avalable, is the only thermodynarmc value that goes into the SI calculahon. 

The essentral conclusion here is that the numencal property wlth the greatest potentral for 
introducing error into the apparent solubility, or approach to s a m o n ,  of a given mneral species is 
its &,, value The reason for h s  is twofold. (1) the K;p value is applied cfirectly to the compumon of 
the s-on mdex, and (2) many K,,, values are not known with good precision 

Evaluation of Accuracy of Model Calculations 

Simulation of oata From a Solubili!y Study 

One way of demonstratrng that the geochermcal modehg code is sunulatmg the chemstry of 
groundwater soluQons accurately is to use the model to simulate analyt~cal results from a published 
solubility study Data from the uranophane solubility study of Ptsrez et al. (2000) are potentrally 
useful for this purpose; however, these inveshgators Qd not provide complete solutron composihons 
for thex expenmental results. To eshmate those composibons, PHREEQCI, the mteractive version 
of geochemcal simulabon program PHREEQC (Parkhurst and Appelo, 2000) was used to calculate 
U, Ca, and SiO, concentrabons in equiltbnum with uranophane m the NaHCO, solubons with their 
accompanying pH measurements and U concentrabons Figure 17 illustrates the compmson of 
measured and PHREEQCI simulated [VI, in Perez et al.'s 12 equdibnum solubons. 
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U, measured by Perez et al. (2000), mM 

Figure 17. Compmson of U concentratlons simulated by PHREEQCI with those measured by 
PCrezetal (2OOO) 

The calculated solution compositlons from above were input to program WATEQ4F and 
simulahons were done using measuTed [vl, from Perez et al (2000) A second set of simulabons 
was done to detemne whether there are sigmficant Merences between speciabon calculahons done 
by WATEQ4F and by PHREEQCI using the WATEQ4F database The uranophane satumt~on mdex 
calculated using three sets of input parameters with respect to pH is shown on Figure 18. The 
mangles represent results of WATEQ4F d c u b o n s  usrng the solutlon compositlons calculated by 
PHREEQCI, and demonstrate that there is essentially no Merence between the speclmon of th~s set 
of solutions calculated by these two geochemcal codes. The squares and cucles represent smulmon 
results using [VI, measured by Phrez et al (2OOO) at the conclusion of their solubility expenrnents 
Results shown by the cmles were obtamed using an input Eh value of 0 5 volts, results represented 
by the squares were obtamed using mput Eh values calculated by PHWEQCI dung the smulaOon 
to detemne the solution compositlons. Distnbubon of the SI values around zero demonstrates that 
the WA"EQ4F geochemcal speciation code can accurately reproduce known data. The slope in the 
SI values as a function of pH suggests that either the a t l o n  sets or the equdibnum constants for the 
aqueous speciabon used by Perez et al (2000) &€fer from those in WATEQ4F 
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Figure 18. Uranophane saturation index calculated from the solubility data of P6rez et al (2000) 

Analytical Evidence 

Another line of evidence we have that the thermodynarmc data for the U rmnerals of interest 
are sufficiently accurate and precise is the analytical evidence Cemonstrahng that U IS in fact 
mgratmg in the groundwater beneath the solar evapomon ponds. U m u m  at RFETS is expected to 
continue to mgrate in the groundwater and move to the surface water at or near present 
concentrauons until the source of U is removed or exhausted. Implicabons of &Is findmg are that 
treatment of the groundwater to remove contarmnants should contmue for the time frame necessary 
to mantan U concentrahons below achon levels Since little precipitabon of U is prdcted, the 
treatment process itself must be relied upon to reduce Qssolved U concentrahons Replacement of 
the interceptor trench system with a reactwe Eon bamer appears most likely to fulfill the goals of the 
Rocky Flats Cleanup Agreement (RFCA) 

I CoNCLUS'oNS 
Since &Is report has established with reasonable certamty that retaruon of U movement m 

the subsurface is not sipficantly influenced by solublllty of U-bearing m n e d  phases, the most 
llkely mechanrsm is adsorpoon. Factors that mght m d f y  ths conclusion are: (1) mtrates may have 
been &sposed of earlier in hme than U, and thus began mgrahng in the groundwater before U was 
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mtroducak (2) the dispersiwtres of dissolved U and W l v e d  NO, are much different from each 
other, (3) selectwe mmbial reductron of U is o c c m g .  The long-term effect of U migration on 
surface water q d t y  wdl be k t l y  detemed by the choice of groundwater treatment method. If 
the groundwater is not treated it can be expected to adversely impact surface water quahty for the 
foreseeable htme. While sod action levels wdl be sufficiently protemve of surface water over the 
long term, the occurrence of exceedanm will m turn be affected by the choice of mnechation 
strategy. Control of geochemcal con&Qons offsite is dfficult to impossible, and becomes more so 
mth mcreasing &stance. Consequently, the &fficul~es m preventing its exposure to the ecosystem 
would be magmfied 
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Figure A-1 Trend Plot for Major Ions and U m u m  - Well 1386 
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Figure A-2 Trend Plot for Major Ions and Uranium - Well 1486 
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Figure A-3. Trend Plot for Major Ions and Urmum - Well 1586 
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Figure A-4. Trend Plot for Major Ions and U m u m  - Well 1686 
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Figure A-5 Trend Plot for Major Ions and U m u m  - Well 1786 
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Figure A-6 Trend Plot for Major Ions and Uraruum - Well 2286 
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Figure A-7 Trend Plot for Major Ions and U m u m  - Well 2586 
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Figure A-8 Trend Plot for Major Ions and U m u m  - Well 2686 
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Figure A-9. Trend Plot for Major Ions and U m u m  - Well 2691 
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Figure A-10 Trend Plot for Major Ions and Uranium - Well 3086 
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Figure A-13. Trend Plot for Major Ions and U m u m  - Well 5093 

Figure A- 14 Trend Plot for Major Ions and U m u m  - Well 5 193 
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gure A-15 Trend Plot for Major Ions and Uranium - Well B102289 
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Figure A-16 Trend Plot for Major Ions and Uranium - Well B200589 
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Figure A-17 Trend Plot for Major Ions and U m u m  - Well B202589 I F ,  
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Figure A-18 Trend Plot for Major Ions and Uranium - Well B205589 
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Figure A-19 Trend Plot for Major Ions and Urnurn - Well B208589 
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Figure A-20 Trend Plot for Major Ions and Uranium - Well B210489 
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Figure A-22 Trend Plot for Major Ions and Uranium - Well B304989 
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Figure A-23. Trend Plot for Maior Ions and U m u m  - Well B305389 
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Figure A-24 Trend Plot for Major Ions and U m u m  - Well B405489 
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Figure A-25 Trend Plot for Major Ions and U m u m  - Well P114389 
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Figure A-26 Trend Plot for Major Ions and U m u m  - Well P207689 
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1 Figure A-27 Trend Plot for Major Ions and Uranium - Well no7889 
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Figure A-28 Trend Plot for Major Ions and U m u m  - Well €907989 
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Figure A-29 Trend Plot for Major Ions and Uratllum - Well P208989 

r 
x *  

I - 
0 '  0 

11/23/1990 9/19/1991 7/15/1992 511 111993 3 m i w  11111995 1012811995 

Date 

Figure A-30 Trend Plot for Major Ions and U m u m  - Well P209189 
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Figure A-3 1 Trend Plot for Major Ions and U m u m  - Well E09489 
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Figure A-33 Trend Plot for Major Ions and Uranium - Well P209889 
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Figure A-34 Trend Plot for Major Ions and U m u m  - Well P210089 

66 



5 

4 

3 %  

Q 
1 

0 

'g 

I 

I 
0 

5/71 I990 9/19/1991 113111993 6/15/1994 10/28/1995 311 111997 

mtc 

Figure A-35 Trend Plot for Major Ions and Uranium - Well P210189 
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